Introduction
Laminins (LNs) are a family of conserved, multi-domain trimeric basement membrane (BM) proteins that contain an α chain, β chain, and γ chain. The LNs are named according to their chain composition, LN-1 possessing α1, β1, and γ1 chains, whereas LN-511 possesses α5, β1, and γ1 chains, and so on. To date, five α (1-5), three β (1-3), and three γ (1-3) chains have been identified, giving rise to 16 distinct LN isoforms in mammals. Each isoform is expressed in a tissue-and developmental stage-specific manner, exerting its functions through binding with integrins (1) . The LN family is an indispensable part of the structural scaffold in almost every tissue of an organism and contributes to preserving the structural integrity of the extracellular matrix, thus influencing the behavior of specific cells, including adhesion (2), proliferation (3), migration (4) , and differentiation (5) . Furthermore, LNs play an important role in neurite outgrowth: isoleucine-lysine-valine-alanine-valine (IKVAV) derived from the LN α1 chain is a promising candidate that could be applicable for regeneration of neurons (6) (7) (8) . Functional studies using knockout mice have revealed the essential roles of LN-1 in embryonic development: although LN-511 partially compensates for the function of LN-1 in embryos lacking the α1 chain, such mice show disappearance of Reichert's membrane and die by E7; similarly, mice lacking the β1 chain have no BM and die within E5.5; embryos that are deficient in the γ1 chain die within a day of implantation (9) .
LNs have a molecular mass of 850 kDa and their concentration in human serum fluctuates between 0.81 µg/mL and 1.43 µg/mL (10) . Tooth development is a complex process involving reciprocal interactions between the mesenchyme and the ectoderm. Like fibronectin (FN), LN-1 is synthesized by the tooth germ mesenchyme (11) , and is detectable in the BM at the onset of cusp formation (12) . LN is located in the inner and outer epithelia of the enamel organ, small blood vessels in the dental papilla, and the stellate reticulum of the rat first molar tooth germ (13) . Using in situ hybridization, Salmivirta et al. have detected the α1 transcript in dental mesenchyme throughout embryonic tooth development. At postnatal day 1 in mice, expression was found to persist in polarized odontoblasts but not in secretory odontoblasts. Additionally, the presence of α2 and α4 mRNA expression was also confirmed in the tooth mesenchyme, whereas the α3 and α5 chains were found to be expressed in the epithelium (14) . Thereafter, fibroblasts isolated from human tooth pulp were shown to produce LN β1 and γ1 transcripts (15) . The early appearance of LN-1 in tooth germ indicates that it likely has roles in the process of tooth germ development. Although it has been reported that LN is effective in promoting the adhesion and differentiation of a number of other cell types (16) , its roles in the MDPC-23 cell line, a type of odontoblast-like cell, remain elusive. Importantly, the specific effects of matrix proteins depend largely on cell type and experiment design, and therefore their appropriate concentrations must be established for each specific cell type. The present study was hence designed to determine the optimal coating concentration of LN-1 for eliciting the proliferation and differentiation of MDPC-23 cells.
Materials and Methods

LN-1 coating
LN-1 (1 mg/mL, L2020, Sigma, St. Louis, MO, USA) purified from Engelbreth-Holm-swarm murine sarcoma BM was purchased from Sigma Co. LN-1, stored at −30°C, was slowly thawed at 4°C in a refrigerator overnight to avoid formation of a gel. The protein was then serially diluted in ultra-pure distilled water (10977-015, Gibco, Grand Island, NY, USA) to 0.1, 1, 10, and 100 µg/ mL. These various concentrations were poured into nontreated polystyrene multi-well plates (96-well plate: 50 µL/well; 24-well plate: 200 µL/well; and 12-well plate: 400 µL/well). The plates were then left to dry with their lids open on a clean bench for two days. Wells coated with ultra-pure water and left to dry served as non-coated controls.
Cell culture
Mouse dental papilla cells-23 (MDPC-23), an odontoblast-like cell line, were kindly provided by Prof. Jacques E. Nör, School of Dentistry, University of Michigan. The cryopreserved MDPC-23 cells were thawed, and then grown in a 100-mm plate (3020-100, Iwaki, Tokyo, Japan) for continuous passaging in maintenance medium comprising Dulbecco's modified Eagle medium (DMEM, D5796, Sigma, Dorset, UK) supplemented with 5% fetal bovine serum (FBS, 10270-106, Gibco). The medium was changed every other day and the cells were detached using TrypLE Express Enzyme (12605-010, Gibco). Cultures were maintained at 37°C in a humidified atmosphere containing 95% air and 5% CO 2 .
Microscopic observation of cell morphology LN-1 was coated on a 24-well plate (1820-024, Iwaki) as described above. MDPC-23 cells were seeded into LN-1-coated or non-coated control wells at a density of 1×10 4 / mL (culture media: 1 mL/well) in DMEM supplemented with 5% FBS. Photographs of cells were taken using a phase contrast microscope (Olympus, Tokyo, Japan) at 1 h and 24 h, respectively.
Cell proliferation
MDPC-23 cells were seeded into LN-1-coated or noncoated control wells at a density of 5×10 3 /mL (100 µL/ well, 96-well plate, 351172, Falcon, MA, USA) in DMEM supplemented with 5% FBS. Moreover, to eliminate the influence of background absorbance, culture medium was added to wells without cells to make a blank group. Cell counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) reagent was added on days one, two, four and six. After addition of CCK-8 (10 µL/well), the cells were incubated at 37°C for 105 min, and the absorbance was read at a wavelength of 450 nm in an iMark microplate reader (Bio-Rad, Hercules, CA, USA).
Alkaline phosphatase (ALP) activity MDPC-23 cells were seeded into LN-1-coated or non-coated control wells at a density of 1.25×10 4 /mL (2 mL/well, 12-well plate, 351143, Falcon) in DMEM supplemented with 5% FBS. The medium was changed every other day until day four, and then the maintenance medium was replaced with mineralization reagent (MR) comprising 100 nM dexamethasone (Dex, D2915, Sigma), 50 µg/mL ascorbic acid (AA, 013-19641, Wako, Japan), and 10 mM β-glycerophosphate (β-GP, 191-02042, Wako). On day six, the culture medium was aspirated, and the cells were washed gently with phosphate-buffered saline (PBS) before detachment using a cell scraper (99002, TPP, Trasadingen, Switzerland). The cells were then lysed with Triton-X-100 (0.1% in distilled water) (T8787, Sigma) for 30 s and sonicated for 10 min on ice. The supernatant was collected after centrifugation and assayed using an ALP activity kit (Wako). Briefly, the sample was diluted 300-fold in distilled water, added to a 96-well plate (20 µL/well), and mixed with 100 µL of working assay solution (p-nitrophenylphosphate disodium, 6.7 mmol/L) in a plate mixer for 1 min, then incubated at 37ºC for 15 min. After the reaction, stop solution (sodium hydroxide, 0.2 mol/L) was added to each well to terminate the reaction (80 µL/well). The plate was again shaken in a plate mixer for 1 min and the absorbance at 405 nm was read using a plate reader (BioRad). The protein concentration was determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The final ALP activity (units/µg protein) was determined as:
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Levels of odontoblastic gene expression in the noncoated and LN-1-coated groups were determined by real-time RT-PCR on day seven. Total RNA was isolated from the cultured cells using Trizol reagent (15596-018, Thermo Fisher Scientific), and the RNA concentration was measured by NanoDrop 1000 (ND-1000, Thermo Fisher Scientific). Complementary DNA (cDNA) was synthesized from 1 µg of total RNA using M-MLV reverse transcriptase (28025-013, Invitrogen, Carlsbad, CA, USA), and the resulting cDNA was analyzed by realtime PCR using an SYBR green FastStart Essential DNA Green Master kit (6402712, Roche, Basel, Switzerland). The reaction was performed in a total volume of 20 µL containing 10 µL FastStart Essential DNA Green Master, 7 µL PCR grade water (Roche), 1 µL forward primer (final concentration: 500 nM), 1 µL reverse primer (final concentration: 500 nM) and 1 µL cDNA. The real-time PCR assay was performed using a LightCycler nano instrument (Roche) . The reaction consisted of initial denaturation at 95°C for 10 min, and 55 cycles of amplification (95°C for 15 s, annealing (for temperatures please refer to Table 1) for 30 s, and extension at 72°C for 40 s). The calculated values of target gene expression were normalized to that of beta-actin (β-actin), the internal control. Primer sequences are listed in Table 1 .
Alizarin red staining MDPC-23 cells were cultured in a 12-well plate at a density of 1.25×10 4 /mL (culture media: 2 mL/well) in DMEM supplemented with 5% FBS. The medium was changed every other day until day 4, and then the maintenance medium was replaced with MR. To visualize the mineralization of cells, Alizarin red (AR) staining was conducted on day seven. Briefly, cells were rinsed twice with PBS and fixed with 10% neutral buffered formalin (060-01667, Wako) for 20 min. Prior to staining, the cells were washed briefly with distilled water to remove excess fixative. Subsequently, AR solution (1%, pH 4.1 in water) (011-01192, Wako) was poured into each well (400 µL/well) and the cells were stained for about 5 min at room temperature. The AR solution was then aspirated and the cell monolayer was washed with distilled water for 2 h. Finally, the stained cells were photographed using an inverted digital camera (Canon, Tokyo, Japan). To quantify the staining intensity, cetylpyridinium chloride (CPC, C0732-100G, Sigma) was added to each well (2 mL/well in 12-well plate) and incubation was carried out for 2 h at 37ºC. After incubation, the transparent CPC turned purple and was transferred to a new 96-well plate (200 µL/well) for reading of the absorbance at 570 nm. DMP-1  CGTTCCTCTGGGGGCTGTCC  CCGGGATCATCGCTCTGCATC  577  60  DSPP  TCAATGGCGGGTGCTTTAGA  TGCTCACTGCACAACATGAAGA  111  62  OPN  TTTCCCTGTTTCTGATGAACAGTAT  CTCTGCTTATACTCCTTGGACTGCT  228  55  BSP  CTGCTTTAATCTTGCTCTG  CCATCTCCATTTTCTTCC  211  55  ALP  GGAAGGAGGCAGGATTGACCAC  GGGCCTGGTAGTTGTTGTGAGC  338  55  OCN  AGCTCAACCCCAATTGTGAC  AGCTGTGCCGTCCATACTTT  190  55  ITGA1  TCAACGTTAGCCTCACCGTC  CAGGGATCGTCTCATTGGCA  396  59.9  ITGA3  GAAAGGCTGACCGACGACTA  TGCGTGGTACTTGGGCATAA  108  66  ITGA5  GAAGGGACGGAGTCAGTGTG  TGAATGGTGCTGCACTGGAT  127  66  ITGB1 ACAAGAGTGCCGTGACAACT AGCTTGATTCCAAGGGTCCG 325 59.9 β-actin AACCCTAAGGCCAACAGTGAAAAG TCATGAGGTAGTCTGTGAGGT 241 53
Statistical analysis
The data were analyzed by post hoc Tukey HSD test. Differences were considered to be statistically significant at P < 0.05.
Results
Observation of cell morphology
The specimens examined were divided into five separate groups: non-coated, LN-1 0.1 µg/mL (LN-1-0.1), LN-1 1 µg/mL (LN-1-1), LN-1 10 µg/mL (LN-1-10), and LN-1 100 µg/mL (LN-1-100). One hour after inoculation, cells remained spherical in shape in all of the groups except LN-1-100, in which some cells started attaching and forming protrusions ( Fig. 1: 1 h) . As time increased up to 24 h, cells cultured in LN-1-100 continued to spread and became spindle-shaped and flat, whereas cells in the other four groups remained round and exhibited no spreading ( Fig. 1: 24 h ).
Cell proliferation
The effect of adsorbed LN-1 on the proliferation of MDPC-23 cells over a period of 6 days in culture is MDPC-23 cells were inoculated on 96-well plates pre-coated with LN-1 at various concentrations. After addition of CCK-8 reagent on day 1 (D1), day 2 (D2), day 4 (D4) and day 6 (D6), the absorbance of cells in each group was determined using a plate reader. Different characters represent significant differences on specific days, P < 0.01 except for P < 0.05 between Non-coated and LN-1-1 on D2, and LN-1-0.1 and LN-1-10 on D6. Fig. 3 Adhesion of MDPC-23 cells to LN-1 increases odontogenic-specific marker-ALP activity. MDPC-23 cells were plated for 6 days as indicated, and then assayed for ALP activity. Different characters represent significant differences at P < 0.01, except for the difference between non-coated and LN-1-0.1, which was P < 0.05. shown in Fig. 2 . Cell proliferation showed a tendency to increase not only with time but also with concentration. Notably, a coating concentration of 100 µg/mL (0.33 versus 0.21 for Non-coated on D1 (P < 0.01); 0.61 versus 0.45 for Non-coated on D2 (P < 0.01); 1.60 versus 0.80 for Non-coated on D4 (P < 0.01); 2.82 versus 1.30 for Non-coated on D6 (P < 0.01)) resulted in the highest cell proliferative activity on each day of observation.
ALP activity
MDPC-23 cells were cultured with LN-1 for 6 days. Specifically, the ALP activity in the various groups was as follows: Non-coated, 1.72 ± 0.19 units/µg protein; LN-1-0.1, 2.12 ± 0.11 units/µg protein; LN-1-1, 2.35 ± 0.14 units/µg protein; LN-1-10, 2.29 ± 0.13 units/µg protein; LN-1-100, 2.33 ± 0.05 units/µg protein. ALP activity was significantly augmented on day 6 in all of the LN-1 groups compared with the control (Fig. 3) .
Meanwhile, no differences were detected among the four LN-1 groups.
Real-time RT-PCR
Levels of dentin matrix protein 1 (DMP-1), dentin sialophosphoprotein (DSPP), osteopontin (OPN), bone sialoprotein (BSP), alkaline phosphatase (ALP), osteocalcin (OCN), integrin α1 (ITGA1), integrin α3 (ITGA3), integrin α5 (ITGA5), and integrin β1 (ITGB1) mRNA in the presence or absence of LN-1 were assessed by realtime RT-PCR analysis (Fig. 4) . Significant upregulation of DMP-1 (2.09 ± 0.27) (Fig. 4A) , DSPP (1.36 ± 0.06) (Fig. 4B) , OPN (2.56 ± 0.04) (Fig. 4C) , ITGA3 (1.52 ± 0.05) (Fig. 4H) , and ITGA5 (1.36 ± 0.04) (Fig. 4I) was observed on day 7 in the LN-1-100 group relative to the control. Expression of BSP (1.10 ± 0.03) (Fig. 4D) , OCN (1.16 ± 0.02) (Fig. 4F) , ITGA1 (1.29 ± 0.03) (Fig. 4G) , and ITGB1 (1.29 ± 0.04) (Fig. 4J) was mildly enhanced by LN-1-100, whereas ALP was slightly downregulated (Fig. 4E) .
Alizarin red staining
In order to evaluate the effects of LN-1 on promotion of a mature odontoblast phenotype, AR staining was conducted on day 7 (Fig. 5) . As clearly shown in Fig.  5A , intense staining of a calcific matrix was detected in the LN-1-100 group (Fig. 5A) , and CPC extraction of the stain further confirmed a 2.4-fold increase of mineralization in the LN-1-100 group relative to the control (Fig.  5B ). In the other three LN-1 groups, the mineralization of MDPC-23 cells was also promoted, although to a lesser extent than in the LN-1-100 group.
Discussion
LNs are heterotrimeric glycoproteins of the BM. LN-1 is the major LN expressed at an early stage of mouse embryogenesis. The inhibitory effect of LN-1 and tenascin on osteoprogenitor attachment has already been documented (17) . However, in the present study, markedly higher cell proliferation activities were found to persist for 6 days on LN-1-coated substrates (0.1-100 µg/ mL), and the concentration of 100 µg/mL appeared to be the one eliciting the strongest cell proliferative activity. Our proliferation data correlate well with a study by Fujita et al., who revealed that LN-1 (400 µg/mL and 800 µg/mL) physically adsorbed onto hydroxyapatite promoted the proliferation of MC3T3-E1 (18), an osteoblast-like cell line. Furthermore, as shown in Fig. 1 , cells in the LN-1 100 µg/mL group underwent flattening and spreading at a much earlier stage. This flattened shape led to a reduction of cell height and an increase in the area of cell contact, which in turn further promoted the binding of cells to substrate ligands. Our results revealed that a coating concentration of 100 µg/mL was optimal for achieving early flattening and spreading of MDPC-23 cells, although lower concentrations (0.1-10 µg/mL) also resulted in significantly higher cell proliferative activity. With the passage of time, cells in the other concentration groups also spread, but less rapidly than those in the LN-1 (100 µg/mL) group. Early cell spreading and flattening was observed only in wells coated with 100 µg/mL LN-1, far exceeding the concentration of fibronectin (FN, 10 µg/mL) that is necessary to achieve the same effect (19) . These results revealed that LN-1 is less adhesive than FN, as a significantly higher concentration of LN-1 was needed to achieve a comparable degree of cell adhesion. One possible explanation might be that although LN-1 contains binding ligands for integrin receptors, MDPC-23 cells do not express the receptors specific for LN-1. Furthermore, the orientation of LN-1 molecules on the surface after coating may change, thus decreasing the accessibility of the integrin binding sites. potent extracellular matrix protein for facilitating AL cell proliferation in either low-or high-density culture, whereas AL cells showed no evident growth on LN-1 (11). In another study, human mesenchymal stem cells (hMSCs) were tested for their affinity for five matrix proteins, and LN-1 was shown to have the lowest affinity (FN > type I collagen > type IV collagen > vitronectin > LN-1) (21).
In the present study, the ALP activity of MDPC-23 cells cultured on LN-1 became maximal on day 6. ALP catalyzes the hydrolysis of phosphate esters (22) and is recognized to be an early marker of odonto/osteoblast differentiation. Our results showed that in the presence of mineralization reagents (β-GP, AA, and Dex), LN-1 as an extracellular protein promoted the production of ALP and activated early odontogenic differentiation.
To further examine the role of LN-1 in MDPC-23 cell differentiation, real-time RT-PCR was performed to measure the gene expression levels of DMP-1, DSPP, OPN, BSP, ALP, and OCN after 7 days of incubation. Expression of DMP-1 and DSPP is known to be upregulated after stimulation of odontogenic differentiation (23) . On day 7, MDPC-23 cells cultured on LN-1 exhibited significantly higher DMP-1 and DSPP expression than the controls. Furthermore, the level of OPN mRNA in cells cultured on LN-1 (100 µg/mL) was markedly promoted. These results are consistent with the data for ALP activity and calcification. In addition, we assessed the mRNA expression levels of BSP, ALP and OCN. In an earlier experiment, we had found that BSP was highly responsive to matrix proteins such as type I collagen and FN: coating with these two proteins elicited a dramatic increase of BSP expression (2-3-fold relative to the control) in MDPC-23 cells (19) . In contrast, LN-1 coating of polystyrene wells resulted in only modest enhancement of BSP expression (1.15-fold in the LN-1-1 group, 1.29-fold in the LN-1-10 group, and 1.10-fold in the LN-1-100 group). Being members of the small integrin binding ligand N-linked glycoprotein (SIBLING) gene family, both DSPP and BSP are restrictively expressed in mineralizing tissues. Notably, DSPP is considered to be a marker of odontoblast differentiation and dentin tissue, as the proteolytic product of DSPP-dentin phosphophoryn (DPP) is the predominant component of non-collagenous proteins in dentin (24) . On the other hand, BSP, originally isolated from bovine cortical bone, serves as a matrix-associated signal directly promoting osteoblast differentiation (25) . It is a multifunctional extracellular matrix protein found in mineralized tissues such as bone, cartilage, cementum, and dentin. Knockout of BSP in mice has underlined its important roles in cementogenesis and intramembranous ossification, but not dentinogenesis (26) . Given its presence in these three types of hard tissue, BSP is considered to be a marker for not only bone and cementum, but also dentin. In the present study, BSP expression was slightly elevated in cells cultured in LN-1 (1-100)-coated dishes, suggesting that LN-1 induced the differentiation of MDPC-23 cells into hard tissue-forming cells such as odontoblasts, cementoblasts, and osteoblasts. LN-1 exhibited only a marginal effect on the expression of OCN mRNA, as the degree of change in the LN-1-coated groups was less than 1.2-fold. Moreover, the expression of ALP was slightly down-regulated in the 1, 10, and 100 µg/mL LN-1 groups. It is known that gene expression is strictly regulated in a spatio-temporal manner, and in the present study we conducted real-time RT-PCR only on day 7. Therefore, the expression of ALP mRNA may peak at an earlier time point and decrease thereafter. An investigation of gene expression at various time points will be needed in the future. Previously, Klees and colleagues tested the effects of LN-332 (LN-5) in hMSCs, and found that LN-5 activated the expression of mRNAs for ALP, OPN and OCN after 16 days of culture. This effect was inhibited in the presence of PD98059, a specific ERK inhibitor (27) , indicating that the osteogenic effect of LN-5 was at least partially mediated through the ERK signaling pathway. Moreover, a study using a rabbit model demonstrated that ALP, OCN and Runx2 were upregulated by LN-1-coated nanoroughened implants (16) . The differences in results might have been due to the different cell types and experimental designs employed.
Integrins are known to mediate the signaling transduction, generating cross-talk between the extracellular matrix and cells, creating a unique and dynamic mechanosensitive microenvironment. Early spreading and accelerated mineralization of MDPC-23 cells on LN-1-100 substrate suggested the possible robust involvement of integrins. It has been reported that integrins α1β1 and α3β1 serve as LN receptors in different cell types (28) . Also, to test whether integrin α5, a well-known FN receptor, was influenced by LN-1, we quantified the mRNA expression levels of ITGA1, ITGA3, ITGA5, and ITGB1. We found that expression of ITGB1, a ubiquitous integrin, was enhanced by 100 µg/mL LN-1 on day 7. Previous studies have demonstrated that truncation of the cytoplasmic portion of ITGB1 or complete knockout of the protein reduced cell spreading and the formation of focal adhesion complexes. Other studies have further demonstrated that ITGB1 is critical for cell migration and differentiation. For example, Olivares-Navarrete et al. silenced ITGB1 in osteoblast-like cells and found that osteoblast maturation in response to surface architecture was impaired (29) . Simultaneously, they showed that ITGA1 silencing decreased the amount of VEGF, suggesting that ITGA1 is involved in the creation of an angiogenic environment. ITGA1-knockout mice exhibit poorly vascularized tumors compared to wild-type mice, probably because of increased MMP9, which inhibits endothelial cell growth (30) . In addition, we have also investigated the expression of ITGA3 and ITGA5. In comparison with ITGA1 and ITGA5, the expression of ITGA3 was promoted to the largest extent. A study to investigate the comparative affinity and specificity for different integrins revealed that integrins α3β1 and α6β4 have clear specificity for LN-5 and LN-511 (LN-10), and that although α6β1 showed broad binding specificity, it preferred to bind with LN-1, LN-5, LN-10, and LN-521 (LN-11) (31) .
Finally, to investigate the effect of LN-1 on the mineralization capacity of MDPC-23 cells, Alizarin red staining was carried out to visualize calcification in cell monolayer culture. Synthesis of type I collagen matrix and mineralization of this fibrillar scaffold marks the terminal differentiation of odontoblasts (32) . In the present study, we found that mineralization in MDPC-23 cells cultured on LN-1-coated substrates was dramatically enhanced, suggesting robust differentiation of cells in the presence of external induction factors. In particular, cells grown on 100 µg/mL LN-1 showed the strongest staining, suggesting that a sufficient coating concentration of LN-1 is needed to achieve optimal mineralization. The mechanisms underlying the enhancement of mineralization may be attributable to several aspects. First, as shown above, cells proliferate rapidly on LN-1-coated surfaces, indicating that they reach confluence much earlier than untreated controls, and therefore undergo differentiation and mineralization much earlier as well. Second, the gene analysis data suggested that integrins such as ITGA1, ITGA3, ITGA5, and ITGB1 were all upregulated by LN-1, suggesting intensive binding and interaction between cells and the underlying LN-1, subsequently eliciting robust activation of intracellular signaling pathways. Furthermore, the higher mineralization level in the 100 µg/mL LN-1 group correlated well with the conclusion of an earlier study, i.e. that the surface density of ligands is an important determinant of extracellular matrix mineralization (33) .
Our results have provided a novel insight into the in vitro effects of LN-1 on odontoblast-like cells, leading to a better understanding of the function of LN-1 in tooth development. More importantly, our data suggest that LN-1 could be a promising biocompatible material for use in dental tissue regeneration. Indeed, in vivo tests of LN-1 have been conducted to evaluate its potential use for integration of implants with alveolar bone: Bougas et al. demonstrated that LN-1-coated implants had a significant higher removal torque, and that the area of bone surrounding the implant was dramatically higher after 4 weeks, suggesting that LN-1 would have considerable potential for use as a coating agent for implant surface modification (34) . However, due to differences in animal models and evaluation systems, in vivo results obtained using LN-1-coated implants vary from one group to another, and the in vivo conditions do not completely recapitulate the actual scenario in the human body. Hence, for more precise clinical evaluation of LN-1 as a coating for implants, more randomized control trials will be required (35) .
To summarize, in the present work, we found that LN-1 potently stimulated the spreading and growth of MDPC-23 cells and promoted their odontogenic differentiation in culture. Furthermore, LN-1 strongly enhanced the calcific deposition of MDPC-23 cells in the presence of mineralization reagents (β-GP, AA and Dex). These results suggest that LN-1 may contribute to the development of dentin tissues by regulating the proliferation and differentiation of dental papilla-derived cells. The unique activities of LN-1 also suggest it may be a promising scaffold for dentin tissue engineering.
